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ABSTRACT

Friction stir processing (FSP) is an emerging processing technique based on the
principles of friction stir welding (FSW), which is a relatively new solid-state metal
joining process developed by The Welding Institute, UK. Some of the unique features of
FSW such as the low amount of heat generated, extensive plastic deformation and
controlled flow of material is being exploited to develop new material modification and
manufacturing processes. Friction stir channeling (FSC) is one such adaptation of FSP
that can produce continuous and stable internal channels for application in heat
exchanging equipment. Friction stir channeling produces these channels if the defect
formation and material flow are controlled during the FSW/P. Channel formation is also
affected by other factors, including the process parameters, tool design, and material
properties. A good understanding of the process forces, material flow, and metallurgy is
therefore necessary to control and optimize the channel formation for use in heat
exchangers.
The process forces acting on the tool during channeling were analyzed to study
the channel formation mechanism and correlate the channel features to the process
parameters and geometric features of the pin. A mechanistic model of the process specific
energy was then developed and correlated to the channel size. Finally, the performance of
the channels was experimentally determined by measuring the pressure drop across the
channels and calculating the friction factor and heat transfer coefficient for different flow
rates. These results will help develop the manufacturing process that will enable better
control of the channel profile.
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1. INTRODUCTION

1.1. BACKGROUND
Friction stir welding (FSW) is a solid state metal joining technique invented in
1991 and patented by The Welding Institute, United Kingdom [1]. This environmentally
friendly and energy efficient technique can be used to join high strength aerospace
aluminum alloys and other metallic alloys that are difficult to join using conventional
metal joining techniques. Another advantage of this technique is it does not use filler
material, leading to significant weight reduction.
Figure 1.1 is a schematic of the FSW process. The process works by traversing a
non-consumable, rotating tool under the action of a vertical load along the joint of
workpieces. The rotating tool penetrates into the work-piece surface making surface to
surface contact, thus generating frictional heat at the tool-work material interface, thereby
reducing the material flow stress. The tool geometry and process parameters determine
the direction and pattern of material flow and have been described in detail by London et
al. [2].
The tool used in FSW has two distinct parts - the shoulder and the pin, and is
designed to serve three functions: a) generate frictional or deformational heat that softens
the work material ahead of the pin; b) control the material flow to produce a defect free
joint; and c) contain the hot material under the shoulder. The rotation of the shoulder and
pin generates heat because of friction and severe plastic deformation of workpiece. This
heating softens the material around the pin and the combination of tool rotation and
traverse movement displaces the material from the front to the back of the pin. Besides
the pin, the shoulder also applies a forging force on the material behind the pin,
effectively filling the cavity formed by the forward motion of pin. The shoulder is
designed to generate sufficient frictional and deformational heat in thin sheets, while the
pin produces the bulk of the heat in thick workpieces. Features are incorporated on the
shoulder and pin surfaces to further aid these functionalities.
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Figure 1.1. Schematic Representation of Friction Stir Welding.

A strong and defect-free friction stir weld with good surface finish can thus be
produced by choosing a proper tool profile and optimal processing parameters [3]. The
choice of tool profile affects the volume of the processed region, the flow pattern of the
material around pin and the occurrence of defects. Apart from the tool variables, five
other processing parameters controlled in FSW are: a) tool rotational rate; b) tool travel
speed; c) plunge depth; d) travel angle; and e) work angle. These parameters determine
the strength and finish of the weld joints. The tool rotation and travel speed control the
amount of plastic deformation and subsequent frictional and deformational heat
generated. These two parameters, along with plunge depth, affect the axial force imparted
on workpiece which significantly affects the weld quality [4]. The tool is given a travel
angle during traverse to help improve the consolidation of material along the pin’s wake.
Friction stir processing (FSP) is an adaptation of FSW utilizing some of its unique
features like fine grain size in the stirred region, extensive plastic flow of material, low
amount of heat generated, absence of flaws and pores, and mechanical mixing of the
surface and subsurface layers to develop new processes [5]. Friction stir channeling
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(FSC) is a modification of FSP that gainfully utilizes the process of wormhole formation
during FSW to fabricate continuous and stable channels. The characteristics of these
channels can be altered by controlling the process parameters. This process is capable of
generating a continuous channel in monolithic plates along the travel path of the tool.
Arbegast [6] has studied the formation of these wormholes and other defects in FSW and
analyzed the causes behind their formation. Mishra [7] showed that this process can be
used as a technique to manufacture continuous channels for use in heat exchanging
applications.
A major area of research in FSW/P is process modeling. A predictive model of
the process can be used to develop new tool designs that will enable optimal process
outputs for different work materials and process parameter combinations. Various
process modeling techniques based on analytical, numerical and mechanistic theories
have been developed and presented in the literature. Numerical models are more
commonly used than analytical models due to their ease of use. Moreover, numerical
models are capable of capturing much of the complexities involved in FSW/P processes,
such as material flow behavior, thermal boundary condition in relation to tool and fixture
geometry, and material properties. However, these models need powerful computational
resources and time. When using any of these techniques, it is necessary for users to keep
the goals of the model in perspective and adopt the appropriate level of complexity.
Colligan [8] developed a conceptual model that relates the process variables to the
metallurgical, mechanical and heat transfer aspects of the process. The model describes
the interaction between the physical effects and workpiece flow stress, welding torque,
heat generation, and temperature during FSW process. Shercliff et al. [9] has also
developed a model highlighting the key physical interactions in FSW linking process
input parameters to the output needed by the designers. In posing a viewpoint
questionnaire, Mishra [10] has summarized the various aspects of the friction stir process.
The viewpoint paper address some of the critical questions facing the friction stir
researchers and illustrates the inter-relationship between the process; the thermal,
deformational, frictional, and material flow aspects; and the resultant microstructure,
flow pattern, and temperature due to deformational heating. Figure 1.2 shows the
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relationship between process variables and physical effects combining both Colligan and
Mishra’s models.

Figure 1.2 Model showing the relationship between process variables and physical
effects.

This dissertation investigates the different features of the channels generated
using FSC process. There were four main objectives of this study: (a) to understand the
channel characteristics and their relationship with the process parameters and different
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tool features; (b) to understand the channel formation by studying variation of the process
forces; (c) to develop a mechanistic model of the process specific energy to correlate
against the channel size; and (d) measure the channel’s performance under different flow
conditions by experimentally determining the friction factor and heat transfer coefficient
for different channel profiles. The overarching goal of this study was to develop a
manufacturing process that will enable a better control of the channel profile.

1.2. LITERATURE SURVEY
1.2.1. Heat Exchanger Performance. Heat exchangers are devices used to
transfer thermal energy between two or more fluids or between a solid surface and a fluid
at different temperatures [11]. They are built for efficient heat transfer from one medium
to another, where the media are usually separated by a solid wall to prevent any mixing
[12]. Heat exchangers are widely used in refrigeration, air conditioning, power plants,
chemical plants, petrochemical plants, refineries, and automobiles. An example of a heat
exchanger is an automobile radiator, in which the engine cooling fluid transfers heat from
the engine surface to air flowing through the radiator fins. Heat exchangers are usually
classified on the basis of their transfer process as either direct contact or indirect contact,
number of process fluids used, construction and flow arrangements, or heat transfer
mechanisms. Another means of classifying heat exchangers is by their surface
compactness. Compact heat exchangers (CHE) thus evolved with the need for reducing
the physical size and weight for an overall improved performance. These heat exchangers
have fluid flow passages that vary from a few millimeters to microns in diameter.
Compact heat exchangers with mini-channels have been applied in fuel cells, microelectronics, aerospace components, micro fabricated fluidic systems, and other
applications that require small volume and light weight [13, 14]. The surface area-tovolume ratio (A/V) is an indicator of the heat exchanger’s compactness, and is usually
used in studies on this topic. The surface area density for compact heat exchanges is
greater than 700 m2/m3 [15].
As mentioned earlier, compact heat exchangers have channels of different sizes
and are usually classified on the basis of their channel dimensions. The important
characteristic dimensions of a channel are the distance between the heat sink and heat
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source and the hydraulic diameter, Dh. Hydraulic diameter is a term commonly used for
measuring flow in noncircular tubes and channels and is defined as the ratio of four times
the area of the cross-section to the wetted perimeter of the channel. On the basis of
channel dimensions, further classifications of compact heat exchangers have been
proposed by various researchers. Mehendale [16] classified CHEs on the basis of their
hydraulic diameters as
•

micro-channels - 1 μm to 100 μm

•

meso-channels - 100 μm to 1 mm, and

•

conventional passages - >6 mm.

Kandlikar et al. [17] proposed a classification scheme that replaces the channel
hydraulic diameter with the minimum channel dimension (D), as shown in Table 1.1.
Kawahara et al. [18] studied the variation of void fractions in two-phase flows for
varying hydraulic diameters and concluded that the transition boundary between the
micro- and mini-channels lies between Dh = 100 μm and Dh = 251 μm.
Table 1.1 Channel Classification [17]
Conventional channels

D > 3 mm

Mini-channels

3 mm ≥ D > 200 μm

Micro-channels

200 μm ≥ D > 10 μm

Transitional channels

10 μm ≥ D > 0.1 μm

Transitional micro-channels

10 μm ≥ D > 1 μm

Transitional nano-channels

1 μm ≥ D > 0.1 μm

Molecular nano-channels

0.1 μm > D

Wadekar [19] has discussed the current manufacturing techniques used for
different commercial heat exchangers. Conventional shell and tube heat exchangers are
made from 8 mm to 60 mm diameter tubes that are joined using welding and other metal
joining processes. The plate heat exchangers have a hydraulic diameter of 5 to 6 mm and
are also joined using welding, brazing, and other conventional techniques. Tube-fin and
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Plate-fin heat exchangers (for example, car radiators) have a typical diameter of 2 to 3
mm, and are fabricated using brazing. Printed circuit heat exchangers (PCHE) have
channels with hydraulic diameters of 1 to 2 mm. Diffusion bonding and brazing
techniques are used for PCHEs. Compact heat exchangers with micro- and meso-scale
channels are generally manufactured using techniques like chemical etching, microfabrication, precision machining, and selective laser melting [20, 21]. These compact heat
exchangers are designed to maximize the surface area density of channels for any
application. Also, the channels can traverse different geometric profiles, such as linear or
serpentine with curvy bends or right angle bends, to effectively utilize the available
surface area.
For heat exchangers with micro- and mini-channels, the principles of heat
exchanger design have been applied to micro-scale devices, resulting in basic designs
comparable to those of macro-scale devices, such as cross-flow or counter-flow heat
exchangers, but with much smaller characteristic dimensions [22]. To prove that FSC is a
viable alternative to existing manufacturing techniques for developing compact heat
exchangers, the pressure drop along the length of channels and the heat transfer
coefficient of the heat exchanger assembly should compare favorably with existing heat
exchangers. The channels generated using FSC do not usually conform to shapes such as
circles, quadrilaterals or ellipses. Also, the inner surfaces of these channels have surface
roughness features along their length. The non-conformal shape of the channels and the
presence of roughness features on the channel interior make the channel’s performance
too complex for a heat exchanger application.
The literature abounds with both experimental and numerical analysis on the
pressure drop and heat transfer performance of many heat exchangers. Adams et al. [23]
conducted single-phase flow studies in micro-channels using water as the working fluid.
Peng et al. [24] investigated the water flow in rectangular micro-channels with hydraulic
diameters ranging from 0.133 to 0.367 mm. In laminar flow, heat transfer depends on the
aspect ratio of the channels and the ratio of hydraulic diameter to the center-to-center
distance of the micro-channels. The effects of surface roughness on pressure drop in
circular tubes and rectangular channels have been studied extensively. In the nineteenth
century, Darcy [25] conducted pressure drop experiments on pipes of different materials
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and roughness, introducing the concept of relative roughness, and concluded that fluid
flow depends on the pipe roughness, diameter, and slope. Fanning [26] proposed a
correlation for the pressure drop as a function of surface roughness. Nikuradse [27]
established the sand-grain roughness as a critical parameter affecting friction factor
during laminar and turbulent flows. Kandlikar et al. [28] has further characterized the
surface roughness effects on pressure drop in single-phase flow in mini-channels.
Channels made using FSC have a hydraulic diameter ranging from 0.2 to 2 mm
and, therefore, fall in the mini-channels category according to Kandlikars’ classification
[17]. Wang et al. [29] studied the performance of mini-channel heat exchangers using
experimental techniques. The heat exchangers in their study had a high surface area
density of 1500 m2/m3 and a heat transfer coefficient of around 7 MW/m3 oC. Westphalen
et al. [30] studied the benefits of using aluminum alloys for mini-channel heat
exchangers. They identified the improved heat exchanger corrosion resistance and the
ease of leak repair with epoxy in these heat exchangers. These researchers also
recognized the need for having multiple coils of mini-channels to obtain performance
equivalent to conventional heat exchangers. Kandlikar [31] provided a roadmap for minichannel implementation in residential, commercial, and industrial refrigeration and airconditioning systems.
1.2.2. Modeling of Friction Stir Channeling. Material flow around the friction
stir tool during FSP is closely related to many of the key process issues. The coefficient
of friction at tool-workpiece interface, strain and strain rate of the deformed work
material are all closely interconnected to the flow condition. Since FSP is a coupled
thermomechanical process, the thermal history is also intertwined with the flow pattern.
The channel formation in FSC is caused by the presence of discontinuities in the material
flow field, and knowledge of the material flow pattern is therefore a critical component in
understanding the effect of different process parameters and tool profiles for this process.
Analysis of the development of forces and moments for different inputs further aids this
study.
Many flow visualization studies [32] and numerical analyses [33, 34] have been
done to comprehend the material flow behavior. Frigaard et al. [35] developed a finite
difference method based model for energy generated using the interfacial pressure and
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tool radius without considering the effect of pin. Most of the initial studies in literature
involved quantitative analysis of peak temperature and were based on the heat conduction
theory. The heat generated during FSW/P is generally assumed to be the combination of
two different mechanisms: (i) friction at the tool-workpiece interface and (ii) the plastic
deformation of the workpiece. Heat generated by these two processes is dissipated into
the material around pin by conduction, thus softening the workpiece. Knowledge of
thermal history thus constitutes a critical component in the understanding of mechanical
property evolution in different regions of the nugget. Khandkar et al. [36] developed a
model that correlated the heat input with measured torque by assuming uniform shear
stress at the tool-workpiece interface. The heat input is defined by the relation

⋅

⋅

Q int erface = Q tot ×

Torque generated by the interfacial area
Total torque

(1)

where, Qinterface represents the heat input at the interface and Qtot is the total heat input.
They concluded that the heat from the tool-workpiece interface flows along a vertical
path into the backing plate. Seidel et al [37] further developed this model, accounting for
the conical shouldered tools and by classifying the surface based on vertical and
horizontal orientations.
Another quantitative study on temperature field and peak temperature conducted
by Schmidt et al. [38] was also based on heat conduction theory, but has ignored the
plastic flow of material near the tool. This theory characterizes the material flow and
heat generation around pin according to the contact conditions at tool-workpiece
interface. Three frictional conditions are described in this model: sliding, sticking, and
partial sliding/sticking. According to the model, the shoulder-material interface is the
major source of heat generation (86 %) compared to the pin sides-workpiece (11 %) or
pin tip-workpiece interface (3 %). This model therefore infers that heat generation is a
function of tool design. Heurtier et al. [39] tried to predict heat generation based on
plastic strain, shoulder friction, and pin friction.
Arbegast [40] studied the effect of process parameters on temperature. For a given
tool geometry and plunge depth, the maximum surface temperature was a function of the
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traverse speed. On the basis of his work, the relationship between the maximum welding
temperature and the process parameters is given by

⎡ ω2 ⎤
T
=K⎢
4 ⎥
Tm
⎣ v × 10 ⎦

a

(2)

where ω is the tool rotation rate, ν is the tool traverse speed, T is the maximum welding
temperature, Tm is the melting point of the alloy and a and K are constants. ω2/ν is
referred to as the pseudo heat index. The value of a ranges from 0.04 to 0.06, and the
constant K varies between 0.65 and 0.75. Generally the maximum temperature observed
during FSW of various aluminum alloys is between 0.6 Tm and 0.9 Tm. This model fits
temperature values well, but is limited to specific tool sizes. It cannot predict temperature
variation with changes in tool size, even for the same tool design.
Roy et al. [41] developed a dimensionless correlation based on Buckingham’s
π − theorem to estimate the peak temperature during FSW. They proposed a new
relationship between the dimensionless heat input and the dimensionless peak
temperature that also accounts for the change in tool size. It is given
Q * = fσ 8 AωC p kU 2

(3)

where Q* is the dimensionless heat input, f is defined as ratio of heat generated at the tool
shoulder-workpiece interface, σ8 is the yield stress of work material at 0.8 Ts (solidus
temperature), A the area of tool shoulder, k/Cp is the thermal property of the alloy, ω is
the angular velocity, and U is the translational velocity.
McClure et al. [42] presented a thermal field generation model based on
Rosenthal’s moving point source equation [43] and compared it to experimental results.
Kalya et al. [44] developed a model to calculate specific energy as a function of the
process parameters, on the basis of which they studied the surface temperature of the
work material lateral to the motion of the tool. Long et al. [45] studied the effects of
varying material properties and process parameters on the trends in x axis forces and
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potential weld defect formation (via a material flow patterns) by fluid dynamics
simulation.
During friction stir processing, forces, moments and torque acting on the tool
spindle vary with process parameters. The signature created by variation of these process
variables offers insight into the working mechanism of FSW/P. Using force patterns to
analyze the material flow behavior is a relatively new development in FSW/P. Yan et al
[46] studied the relationship between periodicity of process parameters and that of microand meso-structural banding in FSW. They measured and analyzed the oscillation of
FSW parameters during baseline experiments without welding and during a series of
FSW of AA2524 and AA2024 aluminum alloys and characterized the banded structures
in all the welds. The measured band spacing was correlated with the oscillation period of
process forces Fx and Fz exerted on and by the welding tool. Blignaut et al. [47] discussed
the development of a multi-axial transducer capable of capturing the process force foot
print that can be used to measure the energy input to the welding. Hattingh et al. [48]
analyzed the force foot prints to systematically study the influence of tool geometry
factors on FSW process parameters and weld tensile strength, thereby optimizing the tool
design to produce welds with 97 % of the parent plate tensile strength in Al 5083-H321
alloy. Arbegast [49] experimentally demonstrated the change in process forces due to
clamping locations, welding direction, crossing over pre-existing FSW and change in the
process parameters (rotation rate and traverse speed). Hattingh et al. [50] have also
studied the relationship between tool profile, rotational rate, traverse speed, and
microstructure using force foot print plots. They developed polar plots which show the
force vector experienced by the tool during each revolution.
Analyzing the development of forces and moments for different processing
parameters also helps in understanding the channel development. This dissertation
describes a study of the force patterns during processing in an effort to explain material
flow behavior and heat generation. A model that correlates the channel characteristics
with the process parameters for different tool profiles has been developed from basic
principles.
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1.3. SCOPE OF THE DISSERTATION

The focus of this study is on four areas related to FSC: (1) characterization of
FSC, (2) understanding the channel formation, (3) mechanistic modeling of FSC, and (4)
performance evaluation of the FSC channels. Understanding each of these aspects is
necessary to predict FSC’s viability as a heat exchanger manufacturing process. This
dissertation is organized into papers on channel characterization, study of process forces,
channel performance, and mechanistic modeling of the process.
1.3.1. Characterization of the Channels. The channels created by the FSC

processes were analyzed for the different features such as shape, size, hydraulic diameter,
and interior roughness profiles. An empirical model relating the process parameters to the
channel features was developed from experimental data and studied. The continuity and
the stability of the channels along linear and curvilinear profiles were verified for
different input parameters.
1.3.2. Process Forces. In this paper, the correlation of forces measured during

the FSC process to the channel geometries is described. Force patterns were recorded
using a high frequency data acquisition system connected to the head of a friction stir
spindle. Polar plots of the resultant forces acting on the tool spindle were studied to
understand the force vector acting on the tool. Variation in force patterns for different
process parameters and different tool profiles were examined. The process force was used
as a tool to help understand the material flow behavior in the channel formation process.
1.3.3. Mechanistic Modeling. A mechanistic model for the process specific

energy as a function of the processing parameters during FSC was developed and
investigated. The thermal cycle acting on the surface of the workpiece was measured
using an IR camera and the peak temperatures were studied as a function of the specific
energy. The channel area is plotted against the process specific energy and analyzed. A
relationship between the processing conditions and the channel area was defined.
1.3.4. Performance of the Channels. Channel performance was studied to

calculate the heat transfer coefficient of a test set-up. Pressure and thermal losses along
the length of linear and serpentine channels are described in this paper. The effect of
roughness on the pressure losses was analyzed for different flow rates. The experimental
results were compared to solutions from the commercial CFD package, FLUENT.
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2. FRICTION STIR CHANNELING: CHARACTERIZATION OF THE
CHANNELS

N. Balasubramanian1, R. S. Mishra2,±, K. Krishnamurthy1
1

Department of Mechanical and Aerospace Engineering, Missouri University of Science
and Technology, Rolla, MO 65409, USA

2

Center for Friction Stir Processing, Department of Materials Science and Engineering,
Missouri University of Science and Technology, Rolla, MO 65409, USA

ABSTRACT

Commercially available compact heat exchangers are currently fabricated in
several steps by joining multiple tubes, or by independently fabricating and joining fluid
channels. Friction stir channeling (FSC) is a simple and innovative technique of
manufacturing heat exchangers in a single step by creating continuous, integral channels
in a monolithic plate in a single pass. FSC relies on the frictional heat generated between
the tool material and the metal workpiece to soften and deform the material to facilitate
the creation of a continuous channel. The channel shape, size, and integrity depend on the
processing parameters and the tool design. In this paper the structural characteristics and
the relationship between the channel features and the processing parameters are
discussed. FSC is being developed as a technique for manufacturing heat exchangers. The
channel is characterized by roughness features on the inside, which can be analyzed using
optical microscopy techniques.
Keywords: friction stir processing; friction stir welding; heat exchangers; minichannels
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2.1. INTRODUCTION

Friction stir welding (FSW) and friction stir processing (FSP) are emerging as
very effective solid state joining/processing techniques. FSW was invented at The
Welding Institute (TWI) of UK in 1991 as a solid-state joining technique, and it was
initially applied to aluminum alloys (Thomas et al., 1991). In this process, a nonconsumable rotating tool with a pin and shoulder is inserted into the abutting edges of the
sheets to be joined and traversed along the line of joint. Frictional and deformational heat
is generated due to tool - work material interaction. The combination of the tool rotation
and tool traverse moves the material from the front of the pin to the back of the pin.
During this process, the material undergoes intense plastic deformation at an elevated
temperature and results in a fine-grained microstructure in the stirred region (called a
“nugget”) (Reynolds, 2007). FSP is an adaptation of FSW and is used as a generic tool
for microstructural modification of materials based on the principles of FSW. Some of
the unique features of FSW such as the low amount of heat generated, extensive plastic
deformation and controlled flow of material is being used to develop new material
modification and manufacturing processes (Mishra and Ma, 2005).
During FSW, a defect referred to as a “wormhole” is generated if the processing
parameters and tool shoulder contact are not proper. FSC is based on converting this
defect formation process into a manufacturing technique for heat exchanger applications.
Mishra (2005) has shown that a continuous hole in a single plate can be achieved by
selecting the right processing conditions and reversing the material flow. The main
aspects of FSC are as follows:
a) the profiled tool is rotated such that the material flow is upwards towards the tool
shoulder;
b) an initial clearance is provided between the shoulder and the workpiece, where
the material from the base of the pin is deposited; and
c) this distance between the tool shoulder and the workpiece can be adjusted to
control the shape, size, and integrity of the channel.
The presence of the gap between the shoulder and the workpiece is a major
difference between the FSC and the normal FSW or FSP practices where the back of the
shoulder touches the workpiece to generate the forging action required to produce defect-
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free welding or processing. During channeling, an upward force is generated by rotating a
right-hand threaded tool clockwise (or a left-hand threaded tool counter-clockwise). A
channel is formed because of the separation of the plasticized material around the pin
from the plasticized material at the base of the pin. This separated material is moved
upwards by the rotation of the pin and the orientation of the threads, and it is deposited on
the top of the nugget underneath the shoulder surface. The shape and size of the channel
can be controlled by varying the following parameters: The clearance between the
shoulder and the work material; the tool rotation speed; the tool traverse rate and the tool
design.
The generation of a continuous channel by FSC has the potential to open a wide
range of applications in heat exchanger industry. Heat exchangers are devices that are
used to transfer thermal energy between two or more fluids, or between a solid surface
and a fluid, at different temperatures and in thermal contact (Shah and Sekulic, 2003).
Typical applications of heat exchangers involve heating or cooling of a fluid stream and
evaporation or condensation of fluid streams, with an objective to reject or recover heat.
Heat exchangers are usually classified on the basis of the transfer process, as either direct
contact type or indirect contact type. The heat exchangers are also classified on the basis
of the number of process fluids, or on the basis of the construction or flow arrangements
or the heat transfer mechanisms. Another basis for classification of the heat exchangers is
on the basis of surface compactness. The main objectives of compact heat exchangers are
to maximize the efficiency of a heat exchanger and also to reduce the size of the heat
exchanger for a given duty. Compact heat exchangers are generally used in industry,
especially in gas-to-gas or liquid-to-gas heat exchangers. For example, vehicular heat
exchangers, condensers and evaporators in air-condition and refrigeration industry,
aircraft oil-coolers, automotive radiators, and intercoolers or compressors.
Compact heat exchangers are generally used in gas flow applications. These heat
exchangers have a surface area density higher than 700 m2/m3; i.e., they have a higher
heat transfer surface area per unit volume. The principles of heat exchanger design have
been applied to micro-scale devices, resulting in basic designs comparable to those
known from macro-scale devices, such as cross-flow or counter-flow heat exchangers,
but providing much smaller characteristic dimensions (Bradner et al., 2006). Wadekar
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(2005) has examined industrial heat exchangers where mini- and microscale heat transfer
are of significance. The most important of these characteristic dimensions are the
distance between heat sink and heat source, and the hydraulic diameter Dh. The hydraulic
diameter is a term commonly used when handling flow in noncircular tubes and channels
and is defined as the ratio of four times the area of the cross-section to the wetted
perimeter of the channel. On the basis of the hydraulic diameter, compact heat
exchangers have been classified into micro-heat exchangers (Dh = 1 - 100 microns),
meso-heat exchangers (Dh = 0.0001 - 1 mm), compact heat exchangers (Dh = 1 – 6 mm)
and conventional heat exchangers (Dh > 6 mm) (Mehendale et al., 2000). A different
system of classification on the basis of the minimum channel dimension (D) has been
proposed by Kandlikar and Grande (2004) as shown in Table 2.1. The channels obtained
using FSC have a D of 0.2 mm to 2 mm and therefore fall in the minichannels category
on the basis of Kandlikar’s classification. Also the friction stir channels have irregular
shapes and fluid flow through irregular geometries has been dealt extensively in the
literature. Wu and Cheng (2003) have studied the flow characteristics inside trapezoidal
microchannels with different aspect ratios. Li et al. (2006) have performed numerical
simulations of the flow and heat transfer of fluids inside microchannels with non-circular
cross sections (trapezoidal and triangular). Hrnjak and Tu (2007) have summarized the
list of experimental studies that have been done in regular and irregular shaped
microchannels and studied the pressure drop inside rectangular microchannels at different
flow rates and for different test fluids.
Presently, compact heat exchangers are manufactured using metal removal
processes like micromachining and are later assembled and joined using metal joining
techniques. Tsopanos et al. (2005) have used selective laser melting, a layer-based solid
freeform fabrication technique to create micro cross-flow heat exchangers from stainless
steel powder. If used to manufacture heat exchangers, FSC offers the benefit of a single
step channel fabrication process. The objectives of this paper are to discuss the channel
characteristics for different process parameters and also to prove the stability of the
channel along curved profiles, seen commonly in heat exchangers.
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Table 2.1 Channel classification (Kandlikar and Grande, 2004)

Conventional channels

D > 3 mm

Mini-channels

3 mm ≥ D > 200 μm

Micro-channels

200 μm ≥ D > 10 μm

Transitional channels

10 μm ≥ D > 0.1 μm

Transitional micro-channels

10 μm ≥ D > 1 μm

Transitional nano-channels

1 μm ≥ D > 0.1 μm

Molecular nano-channels

0.1 μm > D

2.2. EXPERIMENTAL PROCEDURE

Commercial 6061 Al alloy was selected for the study. Three different tools with
cylindrical pins and left handed threads were used in this investigation. All the tools had a
shoulder diameter of 16 mm, pin diameter of 5 mm, and pin length of 4 mm. Tool 1 had a
thread pitch of 1.25 mm, a thread angle of 60° and a depth of cut of 0.4 mm. The
equivalent numbers for tool 2 were 1.25 mm, 60° and 1 mm; and for tool 3 were 1.25
mm, 75° and 1.6 mm, respectively. The tools were rotated in the counterclockwise
direction as seen from the top of the workpiece. The intent of these runs was to obtain
channels with no visible surface defects and of maximum size. The process parameters
(the tool rotation rate, traverse speed, and the plunge depth) were varied to obtain this.
Optical microscopy was used to measure the size and to characterize the shape of the
channels. Force data were acquired using a high frequency data acquisition system
connected to the six-axis sensor of the robotic friction stir processing machine.
Mini-tensile specimens of gage length 5mm, width 1 mm and thickness 1 mm
were machined at the top of the channel nugget, right above the channels. The specimens
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were subjected to tensile loading to determine yield strength, ultimate tensile strength and
ductility of the processed material.
2.3. RESULTS AND DISCUSSION
2.3.1. Channel formation. Figure 2.1 shows the cross section of the channel

nugget, and depicts clearly the material flow pattern during the process, after the tool has
passed the region. The direction of tool rotation is counter clockwise and the traverse
direction is into the plane of the paper. To understand the channel formation requires
distinguishing among the different regions of the channel cross section. Regions A and B
are collectively referred to as the stir zone. Region C is the unprocessed parent material,
and region D is the channel. Region E represents the material deposited from the channel
nugget region above the original surface of the material, underneath the shoulder. To
allow a channel to form, material must be removed from the stir zone. This is
accomplished by having a space between the tool shoulder and top surface of the
workpiece, and allows the pin features to move the material in this gap. Because of the
orientation of the threads on the pin and the direction of tool rotation, the plasticized
region at the bottom of the channel is pushed upward on the advancing side (the side
where the tool surface velocity vector is opposite to the tool traverse direction). The
upward force produced by the threads causes the plasticized material to be pushed
upward and deposited by the shoulder on the surface (region E). Region A represents the
part of the nugget processed by the pin. The pattern seen in region A depicts the flow
path of the material moving from the pin base to the shoulder-workpiece clearance.
The deposition of the material underneath the shoulder results in a downward
resultant force on the channel roof behind the pin (trailing side of the tool). Also, due to
the shoulder rotation, the material in the upper region of the workpiece is pushed inward
and deposited in region B, mainly on the retreating side. An additional layer surrounds
the nugget, referred to as a thermo-mechanically affected zone (TMAZ), where the
amount of grain refinement is insignificant. TMAZ is unclear in figure 2.1.
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Figure 2.1 Cross-sectional image of a channel showing the different process regions:
(A+B) channel nugget, (C) parent material, (D) channel, and (E) material from the
channel nugget deposited on the surface.

2.3.2. Channel shape. The shapes of the channels obtained from FSC are closer

to an ellipse or oval. The channel shapes usually vary nonlinearly with the process
parameters (the tool rotation rate and tool traverse speed). Figure 2.2 shows the variation
of the shape of the channel with changing process parameters. As seen in figures 2.2(a)
and (b), the channel for a high heat index process condition is visibly well-structured as
compared with the channel from the lower heat index process condition. Heat index is a
relative term defined as the ratio of the square of the tool rotational rate to the tool
traverse speed, and it is used as a representation to differentiate the various processing
conditions (Arbegast 2003). The shape variation can be attributed to the volume of
material that is displaced from the base of the pin for every rotation of the tool and also
the compacting force that is applied on the channel roof during the traverse. For a high
heat index run, the volume of material displaced from the pin base is high due to the high
tool rotation rate, or alternatively, a low traverse speed. Also, the distance between the
roof and base is smaller for the channel created with colder processing parameters. The
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shape of the side walls of the channels is influenced by the pin features. The structure of
the walls followed the profile of the threads in this study.

Figure 2.2 Cross section showing the channel shapes at different processing parameters:
(a) 1100 rpm, 2.11 mm/sec, and (b) 1100 rpm, 2.96 mm/sec.

The forces that act on the tool during processing were logged using a high
frequency (~2000 Hz) data acquisition system, via a six-axis sensor connected to the
friction stir processing machine. Figure 2.3(a) and 2.3(b) shows the process forces acting
on the tool during channeling along the x-, y- and z-directions, corresponding to the
channels in figure 2.2(a) and 2.2(b). As the tool processes the workpiece, frictional heat
is generated at the tool-workpiece interface and subsequently, the material around the pin
is preheated and softened. The resistance offered to the pin rotation by the material
around the tool reduces due to the softening of the work material. As the processing
conditions become hotter, the frictional heat is increased and the process forces acting on
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the tool decreases. Similarly, at lower heat indices, the resistance offered to the tool
rotation increases.
A closer observation of the process forces and channel shapes show that as the
magnitude of the process forces reduces, the shape of the channel is well-structured. It
can be inferred that the shape of the channel is influenced by the downward forging force
applied by the shoulder on the material in the clearance between the tool and workpiece.
The magnitude of the vertical force is low due to high frictional heat. The structural
integrity of the channel walls and roof indicates that the force applied by the shoulder is
insufficient to cause them to collapse.

Figure 2.3 Force plots for (a) 1100 rpm and 2.11 mm/sec, and (b) 1100 rpm and 2.96
mm/sec.
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Figure 2.3 (Con’t.) Force plots for (a) 1100 rpm and 2.11 mm/sec, and (b) 1100 rpm and
2.96 mm/sec.
2.3.3. Channel size. Figure 2.4 shows the variation of the channel area for

different process pitches of the three tools (process pitch is the distance traveled by the
tool for one rotation). For any tool, the maximum possible channel area is the maximum
volume of material that can be displaced by the pin at any given instance, over a unit
length. In this study, tool 3 has the maximum surface area of pin features and
theoretically, is expected to generate channels with the largest cross-sectional area
followed by tool 2 and tool 1, for a particular plunge depth. As seen from the figure, tool
3 created channels with higher cross-sectional areas for different run parameters.
To further understand the channel size variation with process parameters, the
channel area was considered to be directly related to the key process parameters: tool
rotational rate and traverse speed at each plunge depth.
Area α (tool rotational rate )

α

α (tool traverse speed )β
Area = K ∗ (tool rotational rate ) ∗ (tool traverse speed )
α

β

The coefficients α, β and K are unknown and are determined using the method of least
squares. The resulting matrix of channel area for different sets of tool rotational rate and
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traverse speed are plotted as a contour figure for different plunge depths. The value of
coefficient α was negative, and β was positive.
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Figure 2.4 Variation of the channel area for different process pitches for the three tools at
a depth of 3.0 mm.
Figures 2.5(a) and (b) show the variation of the channel cross-sectional area with the
traverse rate and rotational speed of the tool for two different plunge depths. The channel
area increases with an increase in the tool traverse speed and a decrease in the tool
rotational rate. It was noted that there exists a zone in the process map, where continuous
and stable channels were created repeatedly. Defective channels (open channels) or
discontinuous channels were observed when the process parameters were outside the
optimal process zone. Open channels were created when the processing conditions were
extremely colder and this could be due to the inadequate flow of material from the pin
base to the shoulder region and the extruded material being insufficient to fill the
shoulder-work material clearance. This leads to a situation wherein the shoulder is unable
to process the material and distribute it evenly over the top of the channel, which results
in the non-closure of the flow arm along the advancing side, and an open and defective
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channel. Discontinuous channels were created when the processing parameters were
hotter and outside the optimal zone.

Figure 2.5 Variation of area of the channel with traverse speed and rotational speed at
depths of (a) 2.8 mm and (b) 3 mm for the tool 1. The numbers on contour lines represent
the area of the channels in mm2.
As mentioned in the introduction, hydraulic diameter is the characteristic
dimension used in defining channels of non-circular geometries. The variation of the
hydraulic diameter of channels obtained using FSC is shown as a function of process
pitch in figure 2.6. The values vary from 0.2 mm to 1.2 mm when the clearance between
the shoulder and the workpiece is 1 mm. The range of the hydraulic diameter categorizes
the channels created by FSC as mini-channels, on the basis of the classification by
Kandlikar, 2004.
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Figure 2.6 Variation of the channel hydraulic diameter for different process pitches for
the three tools at a depth of 3.0 mm.

2.3.4. Surface roughness. The surface roughness on the inside surface of any

fluid passage is a critical parameter in fluid flow applications. The surface roughness
pattern and the roughness dimensions significantly affect the pressure drop inside the
flow passages. The channels in FSC are sectioned along the traversing direction, to study
the presence of any roughness features.
Figure 2.7(a), (b) and (c) show the longitudinal cross sections of channels
produced using different processing parameters. The features of the channels walls vary
at the lower and upper surfaces. The bottom of the channel is relatively smooth and flat
due to the flat nature of the tool pin base. The upper surface of the channel is rough and
undulated and the orientation of this roughness points to the direction of traverse of the
tool. The side walls of the channels do not exhibit any roughness features along the
length of the channel.
The surface roughness at the upper surface of the channel is uniformly spaced,
and the periodicity of the roughness at the top surface matches the amount of material
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that is being displaced with each rotation, i.e., the process pitch. In the case of figure
2.7(a), the pitch of the run is calculated to be 0.106 mm/rot. The distance between two
successive peaks has been determined to be equal to 0.107 mm. For figure 2.7(b), the
pitch of the run is 0.095 mm/rot, and the actual spacing is 0.091 mm. For figure 2.7(c),
the pitch is 0.032 mm/rot and the distance between the peaks is 0.033 mm.

peaks

peaks

peaks

Figure 2.7 Longitudinal cross section of the channel showing the roughness on the roof of
the channels. (a) 1200 rpm, 2.11 mm/sec, (b) 800 rpm, 1.27 mm/sec and (c) 800 rpm,
0.42 mm/sec.
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2.3.5. Channels along curves. The objective of FSC technique is to create

minichannels that can be used in compact heat exchangers. The compact heat exchangers
are characterized by the high surface area density values. To have an efficient compact
heat exchanger developed using FSC, the process should be capable of generating
continuous channels along different profiles. The previous sections dealt with the
characterization of channel created along a linear path. In this section, the continuity of
channels created along curvature was studied.
Serpentine profiles are one of the most common heat exchanger design patterns
used in many industrial applications (Snyder, 1993). The serpentine profile was chosen to
maximize the surface area density of a heat exchanger and enhance its performance.
Creating serpentine flow passages in heat exchangers is a complex process and typically
the pressure losses associated with serpentine profiles are high due to the curvature
associated with the profile (Oosthuizen and Austin, 2005). FSC can create channels along
serpentine profiles in a time-efficient manner due to the simplicity of the process. To
study the continuity of the friction stirred channels, channels were created along curved
profiles. The processing parameters used in this study were chosen from the empirical
model developed to study the variation of channel size in linear profiles. Continuous
channels were produced along both linear and curved profiles for the process parameters
chosen from the optimal zone of the empirical model.
Figure 2.8 shows the cross-section of the channels created along two different
curved paths using tool 3. The processing conditions and tool rotational direction were
maintained the same for the two runs, while the direction of the tool traverse was
changed. This was done to vary the position of the advancing side with respect to the
traverse path during channeling. The advancing side of the channels in figure 2.8(a) is
along the outer curve, while it is on the inner curve in figure 2.8(b). The channels are
seen to be continuous in both the cases, but the shape of the channels varies along its
length depending on direction of tool traverse. The variation in the channel shapes was
more pronounced for profiles with the advancing side on the outer curve. As discussed
earlier, material is removed from the base of the pin and moved upward into the clearance
region between tool and workpiece on the leading side of the pin. At the trailing side, the
shoulder pushes the material from retreating side to the advancing side. This is consistent
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with the spread of excess material at the top of the workpiece. The side force exerted by
the shoulder at the top surface also results in a downward component. The downward
component of the force applied by the shoulder tends to push the material into the void
left at the wake of the pin. Depending on the direction of tool traverse, the material is
moved either to the inner or outer curves. If the material is moved from the outer curve
(advancing side) to the inner curve, the downward force from the shoulder tends to close
the channels (figure 2.8(a)). Alternatively, when the material is moved from inner curve
(advancing side) to the outer curve, the downward force acting on the material in the
clearance between the shoulder and workpiece is insufficient to close the channels. This
is shown in figure 2.8(b). Figure 2.9 shows the cross-sectional area of the channels at the
different locations and the amount of material deposited in the clearance between the
shoulder and parent material for the two cases. The area of the channels for the advancing
side in the inner curve is consistently higher than the other case; and the variation in the
area along the length is also relatively less.

Figure 2.8 Cross sections of the channel at different locations along the curve in a
serpentine profile with the advancing side on (a) the outer curve, and (b) the inner curve.
ω represents the tool rotation direction and v represents the traverse direction.

29

Figure 2.8 (Con’t.) Cross sections of the channel at different locations along the curve in
a serpentine profile with the advancing side on (a) the outer curve, and (b) the inner
curve. ω represents the tool rotation direction and v represents the traverse direction.
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Figure 2.9 Variation of the channel’s cross-sectional area and the area of material
deposited on top of the parent material along the curve in the serpentine profile.
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2.3.6. Mechanical properties. The strength of the material surrounding the

channel is important for structural integrity of heat exchangers. The strength values
determine the maximum load under which the heat exchangers can operate and also
identify the weaker regions where failure can occur. Figures 2.10 (a) and (b) show the
strength and ductility of the roof region of processed material in the longitudinal
direction. The upper region of the channels had maximum yield strength of 117 MPa and
a maximum ultimate tensile strength of 171 MPa, with an elongation up to 12%. Figure
2.11 shows the microhardness profile measured across the transverse cross-section of the
channel nuggets created using tool 3. The hardness values are measured at half-way
between the channel roof and the workpiece surface. From the results, its can be seen that
the hardness values reduce around the center of the channel nugget. The reduction in the
strength of the nugget region is expected in friction stir processed material. The softening
of the processed region is caused by coarsening and dissolution of strengthening
precipitates during the thermal cycle of the FSP (Mahoney et al., 1998).
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Figure 2.10 Strength of material on the roof of the channel along the longitudinal
direction, (b) elongation of material on the roof of the channel along the longitudinal
direction.

31

(b)

25

Tool 1
Tool 2
Tool 3
Parent Material

Elongation (%)

20

15

10

5
20

40

60

80

100

120

2

Heat Index (rpm /ipm*10000)

Figure 2.10 (Con’t.) Strength of material on the roof of the channel along the longitudinal
direction, (b) elongation of material on the roof of the channel along the longitudinal
direction.
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Figure 2.11 Microhardness profile across the channel nugget processed by tool 3 for
different heat indices.
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2.4. FINISHING PROCESS

The channels created using FSC technique require minimal finishing. Excess
material on the top surface of the workpiece can be milled and a smooth surface finish
can be obtained.

2.5. CONCLUSION

Continuous and integral channels were achieved along linear and curved profiles.
The channel shape during FSC can be modified by changing the processing parameters
and thereby control the volume of material getting displaced from the pin base. The
channel size increases with an increase in the traverse speed and decrease in the rotational
rate. The hydraulic diameters of the channels vary from 0.2 mm to 1.2 mm, classifying
them as minichannels. There is a periodicity of roughness peaks in the roof region of the
channels, which match with the process pitch. The roughness pattern is expected to be
significant in the pressure drop in heat exchanger applications.
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ABSTRACT

Friction stir channeling (FSC) is an innovative technique for manufacturing
continuous channels that can be applied in heat exchanging applications. An
understanding of the material flow behavior during FSC is essential to produce
consistently stable and continuous channels. Analysis of the relationships between the
process input parameters and the forces associated with friction stir processing (FSP) is
emerging as an efficient technique to study the material flow patterns. In this study,
channels were fabricated in Al6061-T6 alloy using FSC and the process forces were
measured using a high frequency data acquisition system. Polar plots of the net resultant
force acting on the tools are plotted and correlated with the process parameters and
channel features.
Keywords: friction stir channeling, friction stir processing, process forces, material flow,
aluminum alloys

3.1. INTRODUCTION

Friction stir processing is an adaptation of friction stir welding (FSW) that builds
upon some of the unique features of FSW to develop new processes [1]. FSP techniques
±
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utilize one or more of the following features: the very fine grain size in the stirred region,
the extensive plastic flow of material, the low amount of heat generated, the absence of
flaws and pores, and the mechanical mixing of the surface and subsurface layers [2].
During FSW a defect referred to as a “wormhole” is generated if the processing
parameters are not optimal. Arbegast [3] has discussed the formation of different defects
during FSW, including wormhole generation. The study presents a model based on the
flow partition deformational zones for defect formation. The occurrence of wormholes in
the FSW nugget has been attributed to flow defects because of the non-optimal
processing conditions or geometry of the tool features. The model applies the principle of
mass balance to address void formation in the nugget. FSC technique is established on
the concept of converting this defect formation into a continuous and stable channel.
FSC is a non-traditional technique of creating continuous, integral channels in a
monolithic plate in a single pass that is proposed as a method of manufacturing compact
mini-channel heat exchanging devices [4]. FSC relies on the frictional heat generated
between the tool material and the metal workpiece to soften and deform the material to
facilitate the creation of a continuous channel. Mishra [4] has achieved a continuous hole
in a single plate by selecting the optimal processing parameters and reversing the material
flow pattern of FSW. Balasubramanian et al. [5] have discussed using the concept of
FSC to create continuous channels inside monolithic plates. The channel formation
process has been dealt in detail and the channel is characterized for its size, shape and
internal features. This work also examined the continuity of the channels along linear and
curved profiles. The two main aspects of FSC process can be summarized as follows:
1. a profiled FSP tool is rotated such that the material flow is upwards towards the tool
shoulder, and
2. an initial clearance is provided between the shoulder and the workpiece, where the
material from the base of the pin is deposited.
Figure 3.1 shows an example of channel achieved using the FSC technique. The
cross section of the channel nugget and the material flow pattern during the process can
be noted. To allow a channel to form, material must be removed from the base of the pin
in the nugget. A combination of the orientation of the threads on the pin and the direction
of tool rotation results in the displacement of material from the pin base and it gets
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pushed into a clearance region between the tool shoulder and top surface of the
workpiece. The flow arm is along the advancing side of the pin and the displaced material
is spread over the parent material by the rotation of the shoulder with a bias towards the
advancing side.

Figure 3.1 Cross-sectional image of a channel.

Researchers have focused on understanding the flow and consolidation of material
during FSW/P using both experimental and numerical techniques. Flow visualization
studies [6, 7] and numerical analyses [8, 9] have been performed in an effort to
understand the material flow pattern. While the experimental techniques to visualize the
material flow pattern provide a post-mortem analysis of the process, the computational
models are constrained by two different sets of requirements, (a) relevant values for
materials and coupling properties, and (b) powerful computational resources and time. To
overcome the inherent disadvantages of these methods, focus is shifting towards
analyzing the force signatures created by varying the process parameters during FSW/P.
Force analysis has been widely used to study the working mechanism of conventional
machining process like milling and drilling. Using force patterns to analyze material flow
behavior is a relatively new development in FSW/P. Hattingh et al. [10] have studied the
relationship between tool shape, process parameters, and microstructure using force foot
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print diagrams. They developed plots to show the force vector experienced by the tool
during each revolution. Long et al. [11] studied the effects of material properties and
process parameters on traverse forces and weld defect formation (via material flow
patterns) using fluid dynamics simulation. Yan et al. [12] studied the relationship
between the periodicity of process parameters and that of the micro- and meso-structural
banding in FSW. The oscillation of FSW parameters during baseline experiments without
welding and during a series of FSW of AA2524 and AA2024 aluminum alloys were
measured and analyzed for the banded structures in all the welds. The measured band
spacing was correlated with the oscillation period of process forces Fx and Fz exerted on
and by the welding tool. Arbegast [13] has experimentally demonstrated the change in
process forces due to clamping locations, welding direction, crossing over pre-existing
FSW and change in the process parameters (rotation rate and traverse speed). A multiaxial transducer capable of capturing the process force foot print that can be used to
measure the energy input to welding was developed by Blignaut et al. [14]. Hattingh et al.
[15] have analyzed the force foot prints to study the influence of tool geometry on FSW
process parameters and on weld tensile strength and thereby optimize the tool design to
produce welds with 97 % of the parent plate tensile strength in Al 5083-H321 alloy.
Balasubramanian et al. [16] have investigated the effect of process forces during FSP of
cast and wrought aluminum alloys. Polar plots of the net resultant forces acting on the
tool during processing were used to understand the presence or absence of defects in the
nugget region. Studying the process forces associated with the plastic flow around the pin
is critical to the understanding of the FSC technique. In this research, the polar plots of
the net resultant traverse forces and the force signature was evaluated to understand the
material flow pattern during channeling.

3.2. EXPERIMENTAL PROCEDURE

Friction stir channels were fabricated on 5 mm thick plates of Al6061-T6. The
nominal composition (by % weight) of Al6061-T6 is Al-1.0Mg-0.6Si-0.30Cu-0.20Cr.
The experimental setup consists of an IRB-940 Tricept 6-axis robot with three nonparallel telescopic translational joints and three rotational joints. The robot is fitted with a
friction stir welding head from Friction Stir Link, Inc., that provides the rotational motion
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to the tool. The friction stir spindle assembly consists of a rotational axis driven by a
servo motor that can speed up to 3000 rpm. The load rating of the spindle is 9 kN along
the tool axis and 4.5 kN in the radial direction. A JR3 multi-axis force sensor attached to
the spindle head can determine the loading on the tool by measuring the forces along
three orthogonal axes and moments about each of the three axes. The rated loads for the
sensor are 6 kN in x and y directions and 12 kN in the z direction and the rated moments
are 1150 Nm about all the three axes. During processing, the process forces and moments
were logged at a frequency of 2000 Hz using a high frequency data acquisition system.
To study the influence of processing conditions, and pin profiles on the nugget
characteristics and the process forces, the plates were friction stir processed using
different processing conditions by varying the tool rotation rate and traverse speed, and
with different pin geometries. The dimensions and features of the three tools used in this
study are given in Table 3.1 and the processing conditions are listed in Table 3.2. The pin
was penetrated to a depth of 3.2 mm (providing a clearance of 0.8 mm between the
shoulder and the workpiece). The tool tilt angle was 0° for al the runs. The processed
materials were then sectioned, and polished to study the nugget features using an optical
microscope.
Table 3.1 Dimensions of the friction stir channeling tools
Tool

Shoulder

Pin

Pin

Thread

Thread

Thread

Depth of

Diameter

Length

Diameter

Profile

Pitch

Angle

Cut of the

(mm)

(mm)

(mm)

(mm)

(degrees)

Threads
(mm)

FSC11

16

4

5

LHT

1.25

60

0.2

FSC12

16

4

5

LHT

1.25

60

0.5

FSC13

16

4

5

LHT

1.25

75

0.8
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Table 3.2 Processing parameters
Process ID

Tool Rotation Rate (rpm)

Tool Traverse Speed (mm/sec)

1

1100

2.17

2

1100

2.96

3

1200

2.17

4

1200

2.96

3.3. RESULTS AND DISCUSSION
3.3.1. Macrostructure. The macrostructure of the friction stirred channels were

studied using optical microscope to observe the channel shape, size and continuity. The
macrostructure of the processed region and the observed channel features (shape and
cross-sectional area) as measured from the macroscopic images are presented in this
section. Table 3.3 shows the nugget features for the material processed with tools FSC11,
FSC12 and FSC13. Figure 3.2 is a plot of the variation of the cross-sectional area of the
channels as a function of pseudo-heat index [17]. The pseudo-heat index is a relative term
defined as the ratio of the square of the tool rotational rate to the tool traverse speed, and
it is used as a representation to differentiate the various processing conditions. From the
macroscopic images, it can be observed that the cross-sectional area of the channels is
larger and the shape is well-structured when processed with the tools FSC12 and FSC13
as compared to FSC11.
During FSC, a combination of the orientation of the threads on the pin and the
direction of tool rotation results in displacing the material from the base of the pin to the
clearance between the shoulder and the workpiece. The size of the channels created by
FSC technique is relative to the volume of material that can be displaced by these threads.
During each rotation of the tool, a shear deformation zone is created at the pin-workpiece
interface. The material is sheared from the parent material and displaced from the
advancing side to the retreating side of the tool. When there is a loss in the volume of
material that is displaced by the tool rotation, voids occur. The structure and size of these
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voids are dependent upon the processing conditions and the geometry of the tool features.
Among the tools used in this study, the threads in FSC13 have a larger depth-of-cut and a
higher thread angle as compared to the other two tools. The thread angle in FSC12 is the
same as in FSC11, but with a larger depth-of-cut. This dissimilarity in the dimensions of
pin features results in the variation in size of channels created by the three tools. It is also
noted that with an increase in the heat index of the process parameters, the channel area
decreases. This reduction in channel area is in conjunction with the observations made by
Balasubramanian et al. [4] for different process parameter combinations. However, all the
channels were found to be stable and continuous along the length of the process. There
was no macroscopic variation in the shape and size of the channels over the process
length for the same process parameter combination. From the analysis of the
macrostructure, it is clear that the channels formation in the nugget zone is a function of
the tool profile and process parameters.
Table 3.3 Channel features for Al6061-T6 processed using FSC. The numbers indicate
the area of the channel in mm2.

Tool ID

FSC 11

FSC 12

FSC 13

1100 rpm

1100 rpm

1200 rpm

1200 rpm

2.11 mm/sec

2.96 mm/sec

2.11 mm/sec

2.96 mm/sec
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5.0
FSC11
FSC12
FSC13

4.0

2

Channel Area (mm )

4.5

3.5
3.0
2.5
2.0
1.5
16

18

20

22

24

26
2

28

30

4

Pseudo Heat Index (rpm /ipm x 10 )

Figure 3.2 Plot showing the variation of the cross-sectional area of the channels for the
three tools, as a function of the pseudo heat index.

3.3.2. Polar Plots. Figure 3.3 shows a schematic of the FSC process and the

co-ordinate system of the forces. The system can be visualized as a left-handed coordinate system where the x-force is the load acting on the pin surface normal to the
direction of traverse, the y-force is the horizontal force acting along the transverse
direction and is perpendicular to x-force, and the z-force is the vertical force acting on the
base of the pin surface. Similarly, the x-, y- and z-moments act along the x- , y-, and the
z- axes.
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Figure 3.3 A schematic representation of friction stir channeling and co-ordinate system
of the FSC forces measured using the high-frequency data acquisition.

At any instant during the channeling process, forces are imparted on the pin by
the material flowing around it. The net effect of these forces moves the pin elastically
from its center line. During traversing, the pin comes in contact with the new material in
front of it along its leading edge, which imparts a compressive force on the pin surface.
As the tool rotates, material is displaced from the base of the pin by plastic deformation
into the clearance between the shoulder and the workpiece. The material flow arm
extends from the channel base into the shoulder clearance along the advancing side. As
the material builds up in the clearance, the shoulder surface processes the material and
moves it from the advancing side to the region between the retreating side and trailing
edge. The shoulder also applies a downward forging force on the material, thereby
pushing it into the void left at the pin’s wake. The channel roof is thus formed as a result
of the consolidation of the material flowing from the pin base to the shoulder clearance
and the downward forging force applied by the shoulder. This material in the trailing
edge applies a compressive force on the pin that would be relatively lower in magnitude
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compared to the force applied by the material at the front of the pin. The resultant force
acting along the x-y coordinate frame is the net effect of the forces applied by the new
material from the front of the pin and the processed material from its rear. This effect is
visualized clearly when the resultant of x and y forces are plotted as polar plots. Since xand y-forces are perpendicular to each other, the magnitude and the angle of the resultant
are given by equations 1 and 2, respectively.

Fr = Fx2 + Fy2

⎛ Fy ⎞
⎟
⎝ Fx ⎠

θ = tan −1 ⎜

(1)

(2)

where, Fr is the magnitude of the net resultant force and θ is the angle between the x-axis
and the resultant. The magnitude and location of the resultant force can help understand
the material flow patterns. Negative force values indicate compressive loading on the tool
and positive values indicate tensile loading.
Figure 3.4 shows the polar plots of the net resultant force acting on the tool
FSC11 in Al6061-T6 for one complete rotation of the tool. Figures 3.5 and 3.6 show the
polar plots of the resultant force acting on tools FSC12 and FSC13 for different
processing parameters. A closer investigation of the polar plots for the three tools
(Figures 3.4, 3.5, and 3.6) along with the plot of variation of the size of channels (Figure
3.2) shows the following features:
•

When the processing parameters are hotter the magnitude of the net resultant force
tends to be lower. At higher heat indices, the material ahead of the pin is pre-heated
and softened due to frictional heat that is generated at the tool-workpiece interface.
The force required by the tool to shear the material is reduced due to softening. This
leads to a decrease in the net resultant force acting on the pin during the processing of
the material.
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Figure 3.4 Polar plots of the resultant forces (units - N) during FSC of Al6061-T6 using
FSC11.

•

When channels exist in the nugget region, the net resultant force is positioned at the
trailing side of the tool’s traverse path. As the tool rotates, material is removed from
the base of the pin and moved along the advancing side-leading edge into the
clearance between the shoulder and workpiece. This material is spread by the
shoulder over the parent material. As it spreads the material, the shoulder applies a
vertical downward force (Fz) on this material and when this force is high, the material
is pushed into the void. This leads to a closure of the channels or creation of partial
channels. As the material closes the void, it applies a force on the pin surface from the
region between the retreating size and trailing edge, pushing the pin towards the
advancing side. The movement of the net resultant force closer to the advancing side
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is clearly seen in the polar plots. Also, Figure 3.2 shows that as the force moves
closer to the advancing side, the channel area drops.

Figure 3.5 Polar plots of the resultant forces (units - N) during FSC of Al6061-T6 using
FSC12.

•

Partially formed channels are created when there is a lack of material flow from the
pin to the shoulder-workpiece clearance. This is seen for the channels created using
the FSC11 tool. As discussed in the previous section, the volume of material that a
tool can help displace during each rotation depends on to the geometrical dimensions
of the pin features. In the material processed by FSC11, the volume of the material
displaced by the tool is less and hence, the channel is smaller compared to the other
tools.
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Figure 3.6 Polar plots of the resultant forces (units - N) during FSC of Al6061-T6 using
FSC13.

•

The spread of the net resultant force is larger for hotter runs as compared to the
colder runs. This is likely to be due to lower flow stress of the material at higher
temperatures. All friction stir welding machines have some runout. As the material is
softened, it is easier for the pin to be displaced from its traverse path due to spindle
runout [6, 12]. When the material flows from the advancing side to the retreating side,
the pin is displaced from its center line. This is shown by the large area covered by
the spread of the resultant force. When the spread of the force profile is larger, it is
noted that the channel has a well-defined shape. The base of the channel in these runs
is of the same size as the pin diameter as seen in the nuggets processed using the tools
FSC12 and FSC13. For the channels processed with FSC11, the spread of the net
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resultant force is quite compact. The macroscopic images of these channels show that
width of the channel base is not the same as the pin diameter.
3.3.3. Force Signature. Figure 3.7 shows the profile of the x-, y- and z- forces

acting on tool FSC12 at 1200 rpm and 2.11 mm/sec. The cross-sectional view of the
channel is inset in the figure. The shaded region in the picture is the force profile for one
complete rotation of the tool. The orientation of force signs is given in Figure 3.3. Figure
3.8 is the profile of the forces acting on tool FSC12 at 1200 rpm and 2.96 mm/sec.

Figure 3.7 Force plots for 1200 rpm and 2.11 mm/sec using FSC12 with an inset of the
channel. Shaded region shows the force profile for one complete rotation of the tool.
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Figure 3.8 Force plots for 1200 rpm and 2.96 mm/sec using FSC12 with an inset of the
channel. Shaded region shows the force profile for one complete rotation of the tool.

There is a periodic variation to the force patterns along all three directions. The
periodicity of the variations was calculated to be equal to the time taken for one complete
rotation of the tool. Also, the magnitude and amplitude of variation of these forces is
different for both processing conditions. Z-force is always negative as the tool
experiences compressive force. X-force values are negative, indicating that tool is being
pushed to the trailing edge by the moving material. Oscillation of y-force in positive and
negative values indicates that pin experiences push to the advancing as well as the
retreating side within one revolution. Reynolds [6] has shown that these variations are not
just a result of the tool rotation and traverse, but also due to the tool runout. It can be
noticed that during each rotation, the x-, y-, and z- forces cycle from a higher magnitude
to a lower magnitude and back. This amplitude is a pointer to the variations in contact
conditions and movement of material over the course of each rotation. But the number of
cycles for each revolution varies for the three axes. There is one cyclic raise and drop for
the z-force and y-force, while there are two cycles for each revolution for the x-force.
During each revolution of the tool, the material is deformed and displaced from the pin
base and flows vertically upwards to the shoulder-workpiece clearance. This flow arm
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extends along the advancing side-leading edge. The pin-processed material is then acted
upon by the shoulder surface that moves it from the advancing side to the retreating side.
As the shoulder spreads this material from the leading edge to the retreating side, it
applies a downward forging force on the material. This is clearly seen in the increase of
FZ in the force plots. The forging force then reduces gradually as the tool moves from the
retreating side to the advancing side, where it meets the new load of pin-processed
material. It can be observed that forces along the y-direction have one cycle per
revolution. The magnitude of force changes rapidly from low to high and back and then
remains low for the rest of the cycle. At the instant when the value of Fy is high, Fz has a
decreasing slope. But in the same time frame, there are two peaks and troughs in the xdirection. Yan et al. [12] have reported the presence of one cycle in the periodicity of Fx
and Fz within each tool revolution and concluded that the tool and work motion
interaction leads to these oscillations. The geometry of the pin features can significantly
affect the volume of material sticking to the surface over each rotation. Also, tool runout
during processing can affect the magnitude and amplitude of the forces acting on the tool.
Figure 3.9 is the SEM of the roof of the channel for the material processed with
FSC12 at 1100 rpm and 2.96 mm/sec. Figure 3.10 shows the forces acting of FSC12 for
the same parameters. Distinct bands of material flow and deposition can be observed on
the roof. The distance between these bands matches the pitch of the run (distance of tool
advance per rotation). These deposits hang along the roof of the channels. They are
formed from the material that is pushed down by the shoulder during each rotation. Three
to four minor bands that are evenly spaced are seen between the major bands. When
overlaid against the force profile, these bands match well against the major peaks and
drops in the x-force. This is shown clearly in figure 3.10. This is in concurrence with the
findings by Yan et al. [12] that the force cycles matches with the processing bands seen
in the microstructure of the friction stir nugget.
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Figure 3.9 SEM of the material on the roof of the channel processed at 1100 rpm and
2.96 mm/sec using FSC12.

Figure 3.10 Force plots for 1100 rpm and 2.96 mm/sec using FSC12 with an inset of the
channel. The SEM of the channel roof is overlaid. Shaded region shows the force profile
for one complete rotation of the tool.
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3.4. CONCLUSION

In this study, polar plots of the net resultant force acting on the pin during friction
stir channeling were developed and analyzed to understand the relationship between the
channel features and process parameters. It is shown that the position of the net force
acting on the tool aids in predicting the occurrence of channels in the nugget. When
channels exist in the nugget zone, the resultant force acting on the pin is in the region
between the retreating side and the trailing edge. For nuggets with partial channels, the
resultant force acts in the region between the trailing edge and the advancing side. The
channels can be partially formed due to a combination of a lack of material flow from the
base of the pin to the channel roof and the geometric features on the tool. Also, the
magnitude of the forces reduces with an increase in the heat index of the process
conditions.
A wider implication of the work done in this study is that this technique can be
used for predicting the existence of voids in FSW/P nuggets. This technique can serve as
an efficient non-destructive evaluation technique to study the FSW/P nuggets.
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ABSTRACT

A mechanistic model for the process specific energy as a function of the
processing parameters during friction stir channeling (FSC) in Al 6061-T6 was developed
and investigated. The thermal cycle acting on the surface of the workpiece was measured
using an IR camera and the peak temperatures were studied as a function of the specific
energy. The channel area is plotted against the process specific energy and analysed. A
relationship between the processing conditions (tool rotational rate, traverse speed and
plunge depth) and the channel area is defined.
Keywords: friction stir channeling, friction stir processing, specific energy, mechanistic
model

4.1. INTRODUCTION

FSC is a non-traditional technique of creating continuous, integral channels in a
monolithic plate in a single pass that is proposed as a method of manufacturing heat
exchanging devices. FSC is based on the concept of converting wormhole defects that are
formed during FSW into a continuous and stable channel. This technique relies on the
frictional heat generated at the interface of the tool and the workpiece to soften and
±
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deform the material to create the channel. Mishra1 has shown that by selecting the
optimal processing parameters and reversing the material flow pattern of FSW, it is
possible to achieve continuous channels. Balasubramanian et al.2 have discussed about
using the concept of FSC to create continuous channels along linear and curved profiles.
There are two main aspects of FSC that differentiate it from FSW - (a) during FSC, a
profiled tool is rotated in such a way that the material flows upwards towards the tool
shoulder, and (b) an initial clearance is provided between the shoulder and the workpiece
to deposit the material from the base of the pin.
During FSW/P, material flow and evolution of thermal cycle are considered to be
the two most critical factors determining the properties of processed material. To predict
the microstructural refinement and mechanical properties of the processed material, the
thermal cycle acting on the workpiece has to be modelled. The thermal cycle during
FSW/P depends on the heat generated at the tool-workpiece interface. The heat
generation model should account for processing conditions, material properties and tool
geometries. Various analytical, experimental and numerical methods have been utilized
to model the generation and dissipation of heat during FSW/P. Thermal and mechanistic
models have been developed based on Rosenthal’s moving point-source equation3 to
calculate the heat generation during FSW 4, 5. Different analytical models for heat
generation have been developed that account for tool geometry, contact conditions and
energy input 6-8. Frigaard et al.9 developed a numerical method based heat transfer model
to determine the temperature distribution on a workpiece accounting for the interfacial
pressure and geometry of tool. Arbegast developed a thermal model to define a
relationship between the homologous temperature and process parameters10. Heurtier et
al.11 have predicted the heat generation on the basis of three sources namely, plastic
strain, shoulder friction and pin friction.
In this study, a mechanistic model was developed to calculate the specific energy
as a function of the process parameters. This specific energy is used to establish the
relationship between process conditions and surface temperature and channel crosssectional area. Experiments were conducted on Al6061-T6 to determine the model
parameters and study the effectiveness of the model.

57
4.2. EXPERIMENTAL SET-UP

FSC runs were made on Al 6061-T6 plates of 6 mm thickness. The nominal
composition of the plates was Al-1.0Mg-0.6Si-0.30Cu-0.20Cr. The tool used in this study
had a shoulder diameter 16 mm with a cylindrical pin of 5 mm diameter and 4 mm
height. The pin had left handed threads of 0.8 mm depth-of-cut and 75° angle running
along its length. A total of nine runs were performed for this study. The list of processing
parameters for the experiments is shown in Table 4.1.
Table 4.1 Processing parameters.
Plunge Depth (mm) Tool Traverse Speed (mms-1) Tool Rotation Rates (rpm)
3.0

1.69

1000, 1100, 1200

3.1

1.69

1000, 1100, 1200

3.2

1.69

1000, 1100, 1200

The experimental setup consisted of an IRB-940 Tricept 6-axis robot with three
non-parallel telescopic translational joints and three rotational joints. The robot had a
friction stir welding head from Friction Stir Link, Inc. The friction stir spindle assembly
can rotate at rates up to 3000 rpm. The load rating of the spindle was 9 kN along the tool
axis and 4.5 kN in the radial direction. During processing, the process forces and
moments were logged at a frequency of 2000 Hz using a high frequency data acquisition
system. Surface thermal measurements were made with the aid of a FLIR P-40 thermal
camera. The surface temperature was measured at points at distances of 5, 10, 15, and 20
mm away from the circumference of the tool shoulder on either side of the traverse path.
The thermal camera was placed at a distance of 300 mm away from the line of
measurement and at an angle of 18o to the horizontal. A surface emissivity of 0.93 was
input for the temperature measurement.
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4.3. RESULTS AND DISCUSSION
4.3.1. Specific energy. The specific energy is defined as the ratio of power

input to the process and traverse rate and is given by the equation

E=

q

ν

(1)

where q is the power input to the process and ν is the traverse rate of the tool. The
constitutive equation for power input is a function of the spindle torque and can be
written as

q = ωτ

(2)

where ω is the tool rotation speed and τ is the spindle torque. The spindle torque
increases with an increase in the resistance offered to the tool motion. It is dependent on
the process parameters, namely, tool rotation speed, tool traverse rate, plunge depth and
travel angle, and the surface area of contact between workpiece and tool. Torque has been
observed to decrease with an increasing tool rotation rate and decreasing traverse speed.
Also, an increase in the contact surface area of the tool with workpiece increases spindle
torque. On the basis of these observations, spindle torque can be modelled as

τ = Aω αν β d γ

(3)

where A, α, β, and γ are constants to be determined using the method of least squares. As
mentioned earlier, the value of torque (τ) decreases with increase in rotational speed (ω).
This is due to the increase in the frictional heat generated at the tool-workpiece interface
and the subsequent softening of the material. This requires α being negative, which would
reduce the value of τ as ω increases. Also, the torque increases with an increase in the
traverse rate due to a reduction in the preheating of material ahead of the tool and overall
temperature. This requires β to be positive to increaseτ. As the plunge depth increases, a
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larger surface area of the tool is in contact with the workpiece and offers a larger
resistance to the tool movement. This increases the value of the spindle torque, being
represented by a positive value for γ. Substituting the expression obtained for spindle
torque into equation (2) yields the expression for power input as

q = Aω α +1ν β d γ

(4)

The process specific energy is given by

E=

q

ν

= Aω α +1ν β −1 d γ

(5)

Using the method of least squares, the parameters and variables to be linearly
related in equation (3) can be rewritten as

ln τ = ln A + α ln ω + β lnν + γ ln d

(6)

To solve for this equation, a set of nine experiments were done by varying the
processing parameters. Table 4.2 shows the process parameters used to perform the set of
nine experiments and the corresponding average values of the measured and modelled
spindle torque. The values of the coefficient and indices obtained by using the method of
least squares were A = 3874.1, α = -0.79, β = 0.11, and γ = 0.46. The correlation
coefficient was calculated to be 0.85 with a standard error of 0.42 Nm. From the
coefficients and indices, it can be noted that the spindle torque increases with an increase
in traverse rate, decrease in rotation speed and increase in plunge depth. The modelled
coefficients are used to calculate input power to the system and the specific energy of the
process. The table lists the value of the spindle power and the specific energy. It was seen
that as the rotation speed increases, the input power increases due to an increased
frictional heating effect. The same effect was seen with an increase in the plunge depth
of the tool.

60
Table 4.2 List of process parameters with the measured and modelled torque, spindle
power and specific energy.

Run
No.

Plunge Rotational
Depth

speed

Traverse

Measured

Modelled

Spindle

rate

torque

torque

power

-1

Specific

-1

energy,
x 104

(mm)

(rpm)

(mms )

(Nm)

(Nm)

(Js )

1

3.0

1000

1.69

15.32

15.48

235.0

138800

2

3.0

1100

1.69

15.06

15.81

245.9

82980

3

3.0

1200

1.69

13.98

13.29

252.1

85090

4

3.1

1000

1.69

13.65

14.30

244.9

86700

5

3.1

1100

1.69

13.41

12.88

246.2

143060

6

3.1

1200

1.69

13.35

13.27

249.7

97000

7

3.2

1000

1.69

12.55

11.95

256.9

115720

8

3.2

1100

1.69

12.12

12.29

262.2

185170

9

3.2

1200

1.69

10.99

11.22

266.4

117980

(Jm-1)

4.3.2. Surface temperature profile. To determine the physical significance of

the calculated specific energy, surface temperature was measured at different points on
either side of the tool using the thermal camera for each of the run. The peak
temperatures at each point on the plate were calculated from the measured thermal cycle.
The thermal distribution along the workpiece surface is a function of the heat generated at
the tool-workpiece interface and the thermal conductivity of the workpiece. The peak
temperatures at the different points were measured and plotted as a function of pseudo
heat index and specific energy, for every run. Figures 4.1(a) and 4.1(b) show the variation
of the peak temperatures against heat index. The plot shows no distinct trend or
relationship between the temperature and process parameters. The peak temperatures are
then plotted against the calculated values of specific energy in Figures 4.2(a) and 4.2(b).
From the figures, it is seen that there is a linear correlation between specific energy and
peak temperature. The temperature increases with specific energy for all processing
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conditions and for all points. An interesting trend is that the temperatures on the
advancing side were greater than that of temperatures measured at the retreating side. The
maximum temperature is at a point 5 mm away from the shoulder along the advancing
side and was measured to be 182 °C. This temperature was measured for the processing
parameter combination of 1100 rpm, 1.69 mms-1 at 3.2 mm plunge depth. Kalya et al.5
have reported peak temperatures of 220 °C close to the shoulder. This significant
difference in the measured peak temperature can be attributed to reduction in frictional
heat generated at the tool-workpiece interface. Unlike FSW, in FSC a clearance is
provided between the tool and workpiece. The presence of this clearance between
shoulder surface and workpiece decreases the contact area between the parent material
and tool. In this study, the contact area between tool and workpiece was the maximum at
a plunge depth of 3.2 mm. The peak temperature of 182 °C was measured for the process
parameters at this plunge depth.
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Figure 4.1 Variation of the peak temperatures against pseudo heat index along (a)
advancing side, and (b) retreating side.
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Figure 4.1 (Con’t.) Variation of the peak temperatures against pseudo heat index along
(a) advancing side, and (b) retreating side.
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Figure 4.2 Variation of the peak temperatures against specific energy along (a) advancing
side, and (b) retreating side.
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Figure 4.2 (Con’t.) Variation of the peak temperatures against specific energy along (a)
advancing side, and (b) retreating side.
4.3.3. Channel area. The processed material was sectioned, polished and

observed under optical microscope. The channel cross-sectional area was measured from
the macroscopic images. A plot of the variation of the channel area against heat index for
different plunge depths is shown in Figure 4.3(a). From the figure it can be seen that the
area is largest for the runs with the smallest plunge depth. The plot does not indicate any
other trend between the channel area and the processing conditions. Figure 4.3(b) shows
the relationship between channel area and process specific energy. A clear trend emerges
for the variation of channel area with processing conditions. The channel area reduces
with increasing specific energy. It can be inferred that with an increase in the tool rotation
speed increases, the channel area decreases. An increase in the heat input to the process
due to the high frictional heat results in the closure of the channels, thereby reducing its
total area. Also, it is noticed that reducing the plunge depth increases the channel area.
This is due to the fact that at lower plunge depths the clearance between shoulder and
workpiece is larger and allows for a higher volumetric displacement of material from pin
base.
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Figure 4.3 Variation of the channel area as a function of (a) pseudo heat index, and (b)
specific energy.
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4.4. CONCLUSIONS

Mechanistic models for the spindle torque and specific energy was developed as a
function of tool rotation rate, traverse speed and plunge depth. The method of least
squares technique was used to develop the model. The peak temperature of the FSC
process shows a linear correlation against the specific energy of the process. As the
specific energy increased, the peak temperature increases. The cross-sectional area
decreases with increasing in specific energy.
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ABSTRACT

Compact heat exchangers have certain unique features that make them efficient
for numerous industrial applications. The efficiency of these heat exchangers is extremely
high due to their light weight and high surface area density, which is greater than 700
m2/m3. Commercially available compact heat exchangers are currently fabricated in
several steps by joining multiple tubes, or by independently fabricating and joining fluid
channels. Friction stir channeling (FSC) is a simple and innovative technique of
manufacturing heat exchangers in a single step in a monolithic material. In this paper,
linear and curved channels with different hydraulic diameters are tested for pressure drop
and heat transfer. The friction factor and the local heat transfer coefficient of the channels
area calculated. The thermal behavior of a friction stirred channel is simulated using the
commercial CFD package FLUENT.
Keywords: friction stir channeling, minichannels, compact heat exchangers, surface

roughness, friction factor

5.1. INTRODUCTION

Due to their efficient performance, compact heat exchangers are being
increasingly employed in many process applications in the automotive, aerospace,
±
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microelectronics and biomedical industries. Their higher pumping power requirements
are compensated by the overall size of the heat exchangers and cost reductions. These
heat exchangers have a surface area density higher than 700 m2/m3, i.e., they have a
higher heat transfer surface area per unit volume [1]. These heat exchangers have fluid
flow passages that vary from a few millimeters to microns. Fluid flow in the
minichannels has emerged as an important area of research, motivated by their use in
diverse applications as micropower generation, , computer chips, chemical separations
processes, vehicular heat exchangers, condensers and evaporators in air-conditions and
refrigeration industry, aircraft oil-coolers, automotive radiators, intercoolers or
compressors and other applications that require small volume and light weight.
Heat exchangers are currently manufactured in multiple steps by joining multiple
tubes using conventional metal fabricating and joining techniques. Wadekar [2] has
discussed the current manufacturing techniques used for different commercial heat
exchangers. Conventional shell and tube heat exchangers are made from 8 mm to 60 mm
diameter tubes that are joined using welding and other metal joining processes. The plate
heat exchangers have a hydraulic diameter of 5 to 6 mm and are also joined using
welding, brazing, and other conventional techniques. Tube-fin and Plate-fin heat
exchangers (for example, car radiators) have a typical diameter of 2 to 3 mm, and are
fabricated using brazing. Printed circuit heat exchangers (PCHE) have channels with
hydraulic diameters of 1 to 2 mm. Diffusion bonding and brazing techniques are used for
PCHEs. Compact heat exchangers with micro- and meso-scale channels are generally
manufactured using techniques like chemical etching, micro-fabrication, precision
machining, and selective laser melting [3, 4].
FSC is a non-traditional technique of creating continuous, integral channels in a
monolithic plate in a single pass. It is an off-shoot of friction stir processing (FSP) and it
is proposed as a method of manufacturing compact mini-channel heat exchanging
devices. FSP is an adaptation of friction stir welding (FSW) that builds upon some of the
unique features of FSW like the extensive plastic flow of material, the low amount of
heat generated, and the absence of flaws and pores to develop new processes [5]. In FSW,
a non-consumable tool is rotated under an imposed normal load and then plunged into the
workpiece. A frictional and deformational heat is generated between the tool and work
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material that causes the plastic deformation of the material at an elevated temperature,
resulting in a fine-grained microstructure in the stirred region (called a “nugget”) [6-8].
During FSW a defect referred to as a “wormhole” is generated if the processing
parameters are not optimal. Arbegast [9] has discussed the formation of different defects
during FSW, including wormhole generation. The occurrence of wormholes in the FSP
nugget has been attributed to flow defects because of the non-optimal processing
conditions or geometry of the tool features. FSC is established on the theory of
converting this defect formation into a continuous and stable channel. Mishra [10] has
achieved a continuous hole in a single plate by selecting the optimal processing
parameters and reversing the material flow pattern of FSW. N. Balasubramanian et al.
[11] have discussed about using the concept of FSC to create continuous channels inside
monolithic plates. The channel formation process has been dealt in detail and the channel
has been characterized for its size, shape and internal features. The technique also
examines the continuity of the channels long linear and curved profiles.
In any heat exchange appliance, the most important characteristic dimension of a
channel is its hydraulic diameter Dh. The hydraulic diameter is a term commonly used
when handling flow in noncircular tubes and channels. It is defined as the ratio of four
times the area of the cross-section to the wetted perimeter of the channel. On the basis of
the hydraulic diameter, compact heat exchangers have been classified into micro-heat
exchangers (Dh = 1 - 100 microns), meso-heat exchangers (Dh = 0.0001 - 1 mm),
compact heat exchangers (Dh = 1 – 6 mm) and conventional heat exchangers (Dh > 6
mm) [12]. A different system of classification on the basis of minimum channel
dimension has been proposed by Kandlikar [13, 14] and is shown in Table 5.1. The
channels obtained using FSC have a Dh ranging from 0.2 mm to 2 mm and can be
categorized as mini-channels on the basis of Kandlikars’ classification.
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Table 5.1 Channel Classification [14]
Conventional channels

D > 3 mm

Mini-channels

3 mm ≥ D > 200 μm

Micro-channels

200 μm ≥ D > 10 μm

Transitional channels

10 μm ≥ D > 0.1 μm

Transitional micro-channels

10 μm ≥ D > 1 μm

Transitional nano-channels

1 μm ≥ D > 0.1 μm

Molecular nano-channels

0.1 μm > D

In this paper, channels with varying hydraulic diameters and roughness heights
are tested for their pressure drop. The heat transfer coefficient and the friction factor are
calculated and analyzed. The pressure drop for channels along curves is measured and the
values are compared with simulations.

5.2. EXPERIMENTAL SET-UP

Commercial 6061 Al alloy was selected for the fabrication of these channels. The
friction stir tools used in the study were made of MP-159 (Ni-Co superalloy) and the
intent of these runs was to fabricate channels with no surface defects but with maximum
size. The process parameters (the tool rotation rate, traverse speed, and the plunge depth)
were varied to obtain the channels. Optical microscopy was used to measure and
characterize the size and shape of the channels.
Six channels along straight lines were fabricated using FSC, each to a length of
120 mm. Three channels that had a U- profile were created to study for the performance
along curves. The channels were created at a depth of 3.1 mm in a plate of 6.3 mm
thickness. Table 5.2 lists the set of experimental parameters that were investigated for
this study. The hydraulic diameters with an asterisk (*) next to it denote the channels that
were created along curved profiles. The hydraulic diameter, area and the roughness
height on the inside walls of the channels were measured by taking a cross-section and
studying under an optical microscope.
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Table 5.2 Range of experimental parameters investigated. All tests were conducted with
the water as the test fluid
Hydraulic

Roughness

diameter of

height of

Area of channel

channel, Dh

channel, ε

(mm2)

ε/Dh

number, Re

(mm)

(mm)

0.84

0.042

2.71

0.0504

570-2850

0.89*

0.042

2.131

0.04757

524-2619

0.98

0.084

2.97

0.08639

549-2750

1.06*

0.084

3.26

0.07987

541-2710

1.25

0.084

3.763

0.06784

552-2764

1.38*

0.127

4.14

0.09203

555-2778

Reynolds

An experimental set-up was developed for measuring the pressure drop and
temperature difference between inlet and outlet. The schematic of the set-up is shown in
Figure 5.1. The test fluid used in the study was water, stored in a glass container and
heated using a heat plate to 45°C. It was pumped from the container using a miniature
gear pump. A needle valve was used to regulate the flow rate of water into the test section
and a flow meter was used to determine the flow rate of the fluid passing through the
tubes. A pressure transducer measured the differential pressure of water entering and
exiting the test channels. Thermocouples were inserted at the inlet and outlet of the
channels to measure the temperature. The pressure transducer and the thermocouple
readings were data logged using an NI data acquisition card. The tubes and the fittings
were covered with insulating tapes to prevent any loss of heat to the surrounding
environment. The bottom surface of the test sections was insulated to prevent heat loss to
the base table. The other surfaces of the workpiece were assumed to transfer heat to the
surrounding environment through natural convection.
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Figure 5.1 A schematic of the experimental setup.

5.3. RESULTS AND DISCUSSION

The shapes of the channels obtained from FSC technique do not resemble any
well-defined standard geometry like a circle or a rectangle. Balasubramanian et al. [11]
have discussed about the variation of the channel shapes with the process input
parameters during FSC. Figure 5.2 shows the variation of the shape of the channel with
regard to the process parameters. Figure 5.3 shows the longitudinal cross-section of a
channel obtained using FSC.

Figure 5.2 Cross-section of the channels depicting the variation of channel shapes with
processing parameters. (a) 1100 rpm, 2.96 mm/sec and (b) 1200 rpm, 2.11 mm/sec.
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Figure 5.3 Longitudinal cross-section of the channel showing the roughness on the roof
of the channels (1200 rpm, 2.11 mm/sec).

It can be noted that the features of the channels walls vary at the lower and upper
surfaces of the channels. The bottom of the channel is relatively smooth and flat and the
top surface of the channel was rough and undulated. The surface roughness at the upper
surface of the channel was uniformly spaced. The periodicity of the roughness at the top
surface was measured and it matched with the amount of material that was displaced with
each rotation of the tool (the rate of tool advance per rotation). The hydraulic diameters
of these channels ranged from 0.8 mm to 1.4 mm and the roughness height varied from
0.04 mm to 0.127 mm. The experiments were done for five different flow rates and the
pressure drop and temperature difference were measured and plotted against the flow
rate.
Figure 5.4 shows the pressure drop measured across the channels as a function of
the mass flow rate for different channel diameters. The pressure drop inside the channels
was in the range of 4500 – 7000 Pa. The Reynolds number, Re varied from 500 to 2850
for the combination of flow rates and hydraulic diameters. The flow was in the laminar
and laminar-turbulent transition zones.
It can be noted that channels with the smallest hydraulic diameter exhibit the
largest pressure drop across the test section. As the channel hydraulic diameter and the
cross-sectional area increases, the pressure drop decreases. The pressure drop across the
channels is due to the presence of roughness features on the interior surface and also the
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irregular shape of the channel. The surface roughness along the fluid flow path
encourages localized pressure drop. Also, the flow transitions into the turbulent flow
regime when surface undulations exist. The dependence of the laminar-to-turbulent
transition on the relative roughness features along flow path has been investigated and
reported in the literature [15, 16].

Figure 5.4 Measured pressure drop for channels with different hydraulic diameters.

Moody’s diagram is a representation of the friction factor of flow surfaces over a
wide range of Reynolds numbers and relative roughness values ranging between 0 and
0.05. The friction factor is a dimensionless number used in fluid flow calculations. It is
the ratio of the shear stress at the wall to the flow kinetic energy per unit volume. It is
given by the relation:

f =

Δp
⎛L⎞ V
4⎜ ⎟ ρ
⎝D⎠ 2

2

(1)
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where f depends on the Reynolds number and the roughness of the pipe surface. Moody’s
chart serves as an easy way to estimate the friction factor across channels without doing
experiments. The chart shows that in a fully developed laminar flow, f is independent of
relative roughness, ε/Dh. Figure 5.5 shows the friction factor (f), versus the Reynolds
number (Re), for different ε/Dh values of the friction stirred channels. The ε/Dh values
vary from 0.05 to 0.092 and the friction factor is calculated using the Equation 1.

Figure 5.5 Plot of the calculated heat transfer coefficient for the different channels at
different flow rates.
The pressure drops along these channels increased with increasing flow rates and
the resulting friction factor decrease with increasing flow rates. The figure shows that the
channels with the lowest ε/Dh exhibited lower friction factors than the larger channels.
The roughness inside the channels had a more pronounced effect on the friction factor.
The value of f decreases with a decrease in relative roughness. This trend follows the
behavior that has been shown in Moody’s chart. This chart when further developed to
include more relative roughness values will be helpful in predicting the pressure drop
across the channels.
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Figure 5.6 shows the variation of the local heat transfer coefficient, h, against
mass flow rate. It can be seen that the heat transfer coefficient increases with an increase
in the mass flow rate. Heat transfer coefficient increases with reducing hydraulic
diameter. The heat transfer coefficients increase as the flow was into the forced
convection regime and turbulent flow.

Figure 5.6 Measured heat transfer coefficient of the channels.
Figure 5.7 shows the pressure drop measured across the channels along curved
profile as a function of the mass flow rate. The pressure drop inside these channels
varied from 12000– 35000 Pa. The Reynolds number, Re of the test conditions vary from
520 to 2780 for different flow rates and hydraulic diameters. It can be noted that the
pressure drop across these channels was extremely high when compared to channels
along straight lines. An increase in the pressure drop along curves was along the expected
lines but the magnitude of variation in comparison to the straight channels was extremely
high for the testing conditions. This is due to the effect of the small constriction in the
channel size along the curves during the fabrication process [11]. Also the non-linearity
of the channel shape is a contributing factor to the high variation.
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Figure 5.7 Measured pressure drop across the channels along curves.

A simulation to calculate the pressure drop along the channel length was done
using the commercial CFD package, FLUENT. The test channel was modeled and
meshed using GAMBIT. The dimension of the rectangular block with a channel inside it
was 120 mm x 80 mm x 6.35 mm. The channel shape was assumed to be a trapezium and
the cross-sectional area and the hydraulic diameters were modeled to be closer to the
actual test sections. A simple but refined mesh with 170000 hexahedral elements was
created. Coupled heat transfer boundary condition was given at the channel walls where it
interacts with the fluid and convective boundary conditions were given to the outside
surfaces of the rectangular block. Turbulent flow condition was used to provide the
roughness height in the inside walls of the channels. The roughness heights input in the
study were the actual values measured for each of the test channels. For the simulation,
the heat transfer coefficient of the fluid was input from the experimentally derived values
shown in Figure 5.5. The results of pressure drop across the channel are plotted against
the mass flow rate and shown in Figure 5.8. The simulation results show an increase in
the pressure drop with a decrease of the channel size. Also, the differential pressure is
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high at higher flow rates. Figure 5.9 shows the simulated pressure drop across channels
along curved profiles.

Figure 5.8 Simulated pressure drop along linear channels with different hydraulic
diameters.

From Figure 5.8 and Figure 5.9, it can be seen that the magnitude of pressure drop
across channels along curves was much higher. But the simulated values for both the
cases were much lower in comparison to the measured values. One reason for the high
pressure drop in the measured values was the non-linearity of the channel shapes and the
difficulty in modeling the same. Also the roughness patterns in the simulation are
assumed to be equally spaced and uniform in their dimensions, while in the test channels
there will be an inherent variation in the dimensions due to the non-linearities associated
with the machining process.
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Figure 5.9 Simulated pressure drop across channels along curves and with different
hydraulic diameters.

5.4. CONCLUSION

In summary, minichannels with hydraulic diameters varying from 0.8 mm to 1.4
mm were fabricated using FSC technique and their performance was evaluated. A test
fluid (water) was passed through a set of these channels to measure the drop in pressure
and the change in the inlet and outlet temperatures. The friction factors of the channels
with different relative roughness were calculated and a friction chart was developed. It
showed that channels with smaller relative roughness have lower friction factors and it
decreased with increasing flow rates. The pressure drop across the channels increased
with decreasing channel sizes and at higher flow rates. This was true for channels along
linear and curved profiles. CFD simulations for similar flow indicated the same trend.
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6. CONCLUSIONS AND SCOPE OF FUTURE WORK

The research work for this dissertation developed friction stir channeling (FSC) as
a manufacturing process for creating channels that can be used in heat exchanging
equipments. It was shown during the course of this study that FSC can create stable
internal channels in monolithic plates. The channels were continuous along linear and
curved profiles. The variation of the channel features with processing parameters for a
given set of tool geometries was studied and process maps were. The science behind the
formation of the channels during FSC was explained by analyzing the process forces
during FSC and it has been proposed that polar plots of the net resultant forces can
predict the existence of channels in the FSC nugget. While the science of FSW/P is still
evolving, the current study was able to answer some questions on the formation of voids
during FSP. This work can be extended by employing process force analysis as a nondestructive evaluation technique for predicting the existence of voids in FSW/P nuggets.
It was established that the specific energy of the process is a good indicator of the
variation of the channel size. The scope of this work can be widened to correlate the
characteristics of FSW/P nuggets with the processing parameters.
The performance of the channels created using FSC was studied by
experimentally determining the pressure drop across the channels. The friction factor and
heat transfer coefficient of the channels was calculated and studied as a function of the
relative roughness of the channels. While it is apparent from the results that pressure drop
across the channels can be reduced by increasing the cross-sectional area of the channels,
further work needs to be done to understand the influence of channel roughness and
irregular shape of channels on the performance, especially in a heat exchanger assembly.
Also, the wearing of the surface roughness with time and its effect on the channel
performance needs to be studied. The fouling and corrosion characteristics of the
channels can also be studied to evaluate the feasibility of using these channels in
commercial applications.
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